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ABSTRACT
Use of Gamma Irradiation as an Intervention Treatment to Inactivate Escherichia coli
O157:H7 in Freshly Extracted Apple Juice
by Dielle Aurelia Fernandes
Escherichia coli O157:H7 can contaminate dropped apples used for juicing via contact
with manure or fecally tainted irrigation water and attach to the flesh of the apple through
bruises and wounds where surface sanitizers are not effective. The goal of this project was
to determine the efficacy of gamma irradiation at the maximum allowed dose of 1000 Gy
to inactivate Escherichia coli O157: H7 in whole apples used for juicing. Whole apples
were punctured to simulate wounds which were then inoculated with an outbreak strain of
E.coli O157:H7 and subjected to gamma irradiation at doses upto 1000 Gy. The D-value
of the E.coli O157:H7 strain was 334 Gy indicating that irradiation at 1000 Gy would result
in a 3-log reduction of this pathogen. Contaminated apples were also stored for 3 weeks at
refrigerated temperature during which time E.coli O157:H7 survived but did not grow. The
inoculated apples were juiced, and the juice was stored up to 72 h. There was no change in
counts of E.coli O157:H7 in the juice from the control apples, but irradiation at >600 Gy
reduced counts by >3 logs, and survivors were not detected after 72 h storage. Sensory
testing of juice treated at 652 Gy indicated consumers could tell the difference from control
juice, due mostly to greater sweetness of the juice from irradiated apples. These results
show that E.coli O157:H7 can easily survive in bruised apples and the juice made from
them. Irradiation at 1000 Gy can provide significant lethality of E.coli O157:H7 in apples
and juice conferring a greater level of safety without negative effects on sensory quality.
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1. Introduction
Consumers have increased their intake of juices from fruits and vegetables in part due
to continued interest in fresh/organic foods and promotion of healthy eating habits by the
government (Kahraman et al., 2017). The FDA requires fruit juice processors to achieve a 5log reduction of the most resistant microorganism that may occur in the juice of the fruit,
except citrus, in which case the fruit may also be treated (FDA, 2018). Thus, most prepackaged juice in the U.S. is thermally or high pressure pasteurized to kill pathogenic
bacteria. However, retail establishments that produce juice for direct sale to consumers are
not covered under these regulations. Thus, freshly squeezed juice served at juice bars,
farmer’s markets, cider mills, and such, and sold by the glass does not receive lethal
treatments and may contain harmful bacteria that can cause serious illness (FDA, 2018).
Apple juice or cider has been implicated in a large number of outbreaks associated with
E.coli O157:H7. The latest outbreak of E.coli O157:H7 occurred in November 2018 in which
Mountain Man Market of Cana, Virginia issued a recall of its ½ gallon containers of
unpasteurized apple cider due to potential E.coli O157:H7 contamination (VDACS, 2018).
The second most recent outbreak occurred in Kansas at an annual cider mill festival where
seven people were infected with E.coli O157:H7 after consumption of unpasteurized apple
cider from the mill (Beach, 2016). Two other E.coli O157:H7 related outbreaks occurred in
November 2012 in Mitchell Farm, Michigan and in 2010 in Baugher’s Farm and Orchard,
Maryland both involving the hospitalization of adults and children after the consumption of
unpasteurized apple cider (Stearns, 2015). Between 1974-2014, Escherichia coli O157:H7
was implicated in 22 out of 48 outbreaks associated with freshly squeezed or unpasteurized
fruit juice (Martinez-Gonzales and Castillo, 2016). In 1996, Escherichia coli O157:H7 was
associated with a large multi-state outbreak related to the consumption of unpasteurized
apple juice produced by Odwalla company with 60 reported cases in California, Colorado
and Washington in the US and 10 cases in British Columbia, Canada including 1 death and
25 hospitalizations (Marler, 2013). An investigation into the source of the outbreak
determined that the proximity of deer to the apple orchard as well as the use of damaged
apples caused the contamination of apples used for juicing (CDC, 1996). These outbreaks
highlight the safety concerns related to freshly squeezed or unpasteurized apple juice and
1

cider.
E. coli O157:H7 is an acid-tolerant pathogen commonly present in the gastrointestinal
tract of cattle and is shed in their feces. The apples used for juice production often include
apples that fall to the ground known as ‘drop apples’ (Sapers et al., 1999). These drop apples
can become contaminated with E. coli O157:H7 by coming into contact with animal
droppings or contaminated water used for washing the apples (Montibus et al., 2016). Other
than washing the apples with water and sanitizers, apples used for juicing are not subject to
any lethal treatment. Contaminated water can infiltrate the fruit through the calyx or stem
end and allow for the internalization of viable E. coli O157:H7 cells. E. coli O157:H7 cells
also preferentially attach to puncture wounds and form aggregates in damaged apple crevices
(Burnett et al., 2000). This is likely due to the adhesion of E. coli O157:H7 to the hydrophilic
apple tissue as opposed to the hydrophobic intact apple skin. For these hard to reach
microorganisms, sanitizers associated with whole produce do not reduce microbial
populations by more than a few logs because of the inability of the treatments to kill
microbes present in internal areas of the fruit (Burnett and Beuchat, 2001). Although apple
juice with its acidic pH of < 4.0 may not allow for the active growth of pathogens like E.coli
O157:H7, the environment allows for pathogen survival (Chung et al., 2018).
Ionizing radiation is highly effective in eliminating pathogenic microorganisms and
improving food safety (Kilonzo Nthenge, 2012). Irradiation is a volumetric treatment; the
energy can penetrate through the fruit and eliminate bacteria that have been internalized and
that are difficult to eliminate by surface treatments such as washing. A major advantage of
using irradiation for fresh fruit is its minimal impact on organoleptic properties, in large part
because it is a cold treatment.
Low dose irradiation has been shown to decrease E. coli O157:H7 in apple juice (Buchanan
et al., 1998; Hong et al., 2014) however, there has been no research conducted on the
survival of Escherichia coli O157:H7 in juice made from irradiated whole apples.
Irradiation of juice is not permitted under current FDA regulation for food irradiation;
however the law allows for treatment of fresh produce with doses up to 1000 Gy to inhibit
maturation and prevent arthropod pests, but not for microbial reduction (FDA, 2018). This
research seeks to determine whether low dose irradiation can potentially reduce the risk of
microbial contamination associated with apples used for freshly pressed juice.
2

The goals of this study were to determine the reduction of E.coli O157:H7 in whole apples
at the FDA limit of 1000 Gy, to determine the survival of E.coli O157:H7 in juice produced
from irradiated apples, and to determine the sensory quality of juice produced from
irradiated apples.
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2.Review of Literature
2.1 Pathogenicity of Escherichia coli O157:H7
Consumers prefer freshly squeezed apple juice for consumption as compared to heat
pasteurized apple juice (Huang et al., 2018). With this increased consumption of minimally
processed apple juice, the risk of microbial contamination by E. coli O157:H7 in apples is
very high through fecal contamination of irrigation water. This is due to the presence of this
pathogen in the gastro-intestinal tract of healthy cattle which can be shed through feces
(Stopforth et al., 2004).
Despite being present in the gastro-intestinal tract of cattle, Escherichia coli O157:H7 does
not affect them due to the lack of globotriaosylceramide (Gb3) intestinal receptors which are
present in humans. This pathogen binds to the Gb 3 receptors in the large intestine and enters
the vascular system via endocytosis. Endocytosis of the pathogen is followed by
inflammation of the intestine which causes severe abdominal pain with cramps and is the
first symptom of Escherichia coli O157:H7 infection. Enterohemorrhagic strain E. coli
O157:H7 causes Hemolytic Uremic Syndrome (HUS), a severe form of hemorrhagic colitis,
and systematic destruction of red blood cells in the human kidney and brain cells. E. coli
O157:H7 also produces a shiga toxin which blocks protein synthesis by damaging the
ribosomal DNA. The pathogen is of major concern due to its pathogenicity, low infectious
dose and ability to thrive in extra-intestinal environments (Ferens and Hovde, 2011).
2.2 Contamination of apples and apple juice
Freshly squeezed fruit juice generally does not involve a step in the juice making process to
reduce bacterial load (Hatab et al., 2016). Since fresh or cold pressed juices are untreated
prior to consumption, they are more susceptible to microbial contamination and apple juice
contaminated with E.coli O157:H7 has resulted in 22 outbreaks between 1974-2014
(Martinez-Gonzales and Castillo, 2016). This microorganism has demonstrated the ability to
survive and resist thermal treatments in acidic beverages like apple juice when gradually
subjected to acidic pH, thus negating the previous assumptions that Escherichia coli
O157:H7 is unable to survive under acidic conditions (Usaga et al., 2014).

4

The following factors have been implicated in fresh juice related outbreaks; lack of hygiene,
use of dropped fruit, inadequate washing of the fruit, use of untreated manure and proximity
of deer or cattle (Martinez-Gonzales and Castillo, 2016). Also, Hatab and others found that
E.coli O157:H7 survived in fresh juice (fruit and vegetable blend containing apple juice)
with a pH of 3.5 stored at 4°C for 4 days (Hatab et al., 2016) indicating that refrigeration is
not a barrier for survival of this organism. This is concerning since pH and refrigeration are
commonly used in hurdle technology (Chung et al., 2018).
Previously, the acidity of fruit juice was thought to be a barrier against pathogenic
microorganisms until an outbreak of E.coli O157:H7 occurred in 1991 due to freshly pressed
apple cider (Vojdani et al., 2016). The occurrence of freshly pressed juice outbreaks from
1991-1996 stimulated new regulations by the FDA in 1998 where fresh juice processors were
required to label untreated packaged juice as unpasteurized and a potential source of
pathogens. Following this, CDC reported 13 outbreaks associated with fresh juice from 19992005 and the FDA established the 5-log reduction performance standard where fresh juice
was required to be treated with a processing method which effectively resulted in a 5-log
reduction of pertinent pathogen. This regulation was fully implemented by 2004 (Vojdani
et al., 2016). Pertinent pathogen has been defined by the FDA as the most resistant
microorganism of public health concern that may occur in the juice. It varies with the juice
and type of treatment. Typically, the pertinent pathogens found in juice are E.coli O157:H7,
Salmonella and Cryptosporidium parvum. However, the 5-log reduction regulation is not
applicable to retail establishments. As per the FDA, retail establishments are those operations
that store, prepare, serve and sell juice directly to consumers (FDA, 2018).
The following table lists the reported outbreaks associated with freshly squeezed juice
which occurred after the establishment of the FDA Juice HACCP regulations:
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Table 1: Outbreaks associated with fresh fruit juice which occurred from 2007-2015 in the US
(Vojdani et al., 2016).
Date

Causative agent

October 2015

E. coli O157:H7

October 2014

Illnesses

Product

Pasteurization

Location

30

Apple cider

Unknown

Illinois

E. coli O157:H7

3

Apple cider

Unpasteurized

Canada

October 2013

Cryptosporidium

11

Apple cider

Unpasteurized

Iowa

October 2012

E. coli O157:H7

3

Apple cider

Unpasteurized

Michigan

Norovirus

14

Fruit punch

Unknown

Wisconsin

Cryptosporidium

4

Apple cider

Unpasteurized

Ohio

14

Apple cider

Unpasteurized Minnesota

Unknown

3

Apple cider

Unpasteurized

Ohio

June 2011

Norovirus

80

Lemonade

Unknown

Georgia

February 2011

Norovirus

207

Juice

Unknown

Georgia

January 2011

Norovirus

18

Unknown

California

Oct -Nov 2010

E. coli O157:H7

7

Unpasteurized

Maryland

June 2009

Norovirus

10

March 2009

Norovirus

189

Lemonade

Unknown

Illinois

October 2008

E. coli O157:H7

7

Apple cider

Unpasteurized

Iowa

October 2007

E. coli O157:H7

9

Apple cider

Unpasteurized

April 2007

Norovirus

10

Lemonade

Unknown

December
2011
October 2011
October 2011
September
2011

C. parvum and
E. coli 0111

reported

Orange
juice
Apple cider
Orange
juice

6

Pasteurized

Connectic
ut

Massachu
setts
Maryland

Acai,
banana,
March 2007

Hepatitis A

3

strawberries

Unknown

Florida

, sugarcane
juice

2.3 Attachment of E.coli O157:H7 to fruit tissue
As found by Hassan and Frank (2004), the bacterial flagellae, fimbriae and
exopolysaccharides may be involved in adhesion of the pathogen to the fruit. The
extracellular polymer composition of the microbial cell plays a role in attachment to
produce surfaces where a higher protein: sugar ratio facilitates increased attachment.
However, the composition of the extracellular polymer (sugar + protein content) of the
microbial cells is dependent upon the bacterial growth conditions (Mayton et al., 2019).
Growth of E.coli O157:H7 in TSB with its dextrose content facilitates capsule production
which increases the bacterial cell hydrophilicity. Hence, E. coli O157:H7 has been shown
to preferentially attach to hydrophilic apple tissue through wounds and cracks as opposed
to intact hydrophobic cuticle (Hassan and Frank, 2004).
Burnett and others found that E.coli O157:H7 cells preferentially attached to damaged
tissue surrounding puncture wounds in the warm apple and formed aggregates in damaged
apple crevices. These aggregates were found upto a depth of 70 µm below the tissue
surface (Burnett et al., 2000). In the same study, it was found that the calyx region of apples
is more likely to facilitate the infiltration of the pathogen due to capillary action of
contaminated water. Deep crevices resulting from torn apple tissue in particular, held
biofilm like matrices of the E.coli O157:H7 cells (Burnett et al., 2000).
E.coli produces exo polysaccharides which helps in the formation of biofilms and
facilitates its survival under environmental stresses (Ryu and Beuchat, 2005). E. coli
O157:H7 cells have been shown to be more adhesive and aggregate to form a biofilm when
subjected to stressful environments like nutrient-restricted conditions. The survival and
adaptability of E. coli O157:H7 in acidic conditions in addition to its virulence and
resistance to stress is potentially the reason for the multiple outbreaks and product recalls
associated with the pathogen.
7

2.4 Internalization of E.coli O157:H7 into apples
E. coli O157:H7 is an acid-tolerant pathogen commonly present in the gastrointestinal
tract of cattle and is shed in their feces. The apples used for juice production often include
apples that fall to the ground known as ‘drop apples’ (Dingman, 2000). Drop apples can
come into contact with animal droppings and become contaminated with E. coli
O157:H7.Alternately, contaminated water used for washing the apples can also lead to
transfer of Escherichia coli O157:H7 to the apples (Montibus et al., 2016).
Contaminated wash water can infiltrate the fruit through the calyx region and allow
for the internalization of viable E. coli O157:H7 cells. There is a greater chance of E.coli
O157:H7 internalization when warm harvested apples are placed in cooler wash water/
sanitizer solutions (Burnett et al., 2000). This is due to the gas law stating that as the
temperature of the fruit decreases, their tissue gases exert a reduced pressure thus causing
the hydrostatic and atmospheric forces on the fruit to equilibrate with internal pressure,
resulting in ingress of water (Burnett et al., 2000). In this study, E.coli O157:H7 cells
entered the fruit through the calyx region to infiltrate the apple core via the floral tube when
warm apples (25°C) were placed in cooler water i.e. under negative temperature differential
imitating the process used to wash harvested fruit. Confocal laser scanning microscopy
revealed a greater number of the pathogen was observed in the apple core as compared to
the apple skin surface. The entry of the pathogen to the apple core through the calyx region
is of great concern since the fruit encounters contaminated irrigation water and is exposed
to direct contact with cattle fecal matter and surface treatments like sanitizers are
ineffective in removing the pathogens (Burnett et al., 2000).
Wisniewsky and others (2000) measured the reduction of E.coli O157:H7 cells surface
inoculated on whole apples using three sanitizers, peroxyacetic acid, chlorine dioxide and
chlorine-phosphate buffer solution. Water alone decreased viable cell counts by almost 2
logs, peroxyacetic acid and chlorine-phosphate buffer solution achieved a 3-log reduction,
and chlorine dioxide achieved a 2-log reduction. Thus, while these sanitizers did achieve a
modest reduction of surface cells, they speculated that surface sanitation would be
ineffective in inactivating internalized organisms as might be found in bruised apples
which are often used in making cider (Wisniewsky et al., 2000).
8

In addition, E.coli O157:H7 being a Gram Negative pathogen can survive in water
containing organic matter (Moriarty et al., 2019) and hence has a strong survival in
contaminated irrigation or wash water. E. coli O157:H7 has been shown to survive in a
starvation state in the presence of a nutrient scarce environment and become resistant. This
has been attributed to the pathogen’s protective genetic response corresponding to the
production of cellular resistance to chemical and physical challenges (Hong et al., 2014).

2.5 Effect of irradiation on pathogen inactivation
Irradiation is highly effective on pathogen reduction in produce. However, the
microbial resistance of pathogens like E.coli O157:H7 to irradiation is dependent upon the
prior physiological stress of the pathogen (Hong et al., 2014). Buchanan and others (1998)
found that subjecting E.coli O157:H7 strains to acid resistance prior to gamma irradiation
increased the D-value from 120 - 210 Gy (non-acid-adapted) to 220 - 310 Gy for acid
adapted cells. The growth of E.coli O157:H7 in acidic pH does not deter its survival but
instead aids in its resilience to radiation.
Similarly, Hong and others (2014) studied the effect of E.coli O157:H7 growth phase,
on the radiation resistance in apple juice. The following D values for E.coli O157:H7 in
apple juice have been observed : 160 , 190 and 330 Gy respectively for E.coli O157:H7
cells grown in Tryptic Soy Broth (TSB) at 35°C until 0.10 - 1.15 OD was reached
(exponential phase), TSB at 35°C for 24 h (stationary phase) and TSB at 35°C for 24 h
followed by storage in 0.85 % saline at 25°C for 10 days (starved cells) (Hong et al., 2014).
The highest D-value among the E.coli O157:H7 strains was observed in the starved cells
since they have a greater ability to resist the effects of irradiation as compared to
exponential or stationary phase cells. In addition, with an initial population of 2.0 x 107
cfu/mL, 700 Gy of irradiation reduced populations by 2.2 logs for starved cells as compared
to 4.32 and 3.74 log cycles for the exponential and stationary phase cells respectively
(Hong et al., 2014). These data suggest that, starved cells have the ability to metabolize
nutrients but may not be able to multiply and form colonies (Hong et al., 2014). Hence
E.coli O157:H7 can potentially survive but not multiply in nutrient scarce environments.
Different D-values have been previously observed for E.coli O157:H7: 300 - 450 Gy
in lettuce where the irradiation dose was variety-specific (Niemira, 2008), 1100 Gy in
9

spinach when irradiated with X-ray (Mahmoud et al., 2016), 400 Gy with e-beam
irradiation (Neal et al., 2016), 400 for cucumber and 410 kGy for blanched and seasoned
spinach and undetectable at 1000 Gy dose for burdock spinach (Young Lee et al., 2006).
This data indicates that the D values are different based on the produce and that doses of
1000 Gy can result in a 3-5 log reduction.

2.6 Effect of irradiation on apple quality
Food irradiation is the use of any of the three types of radiation: electron beam, x-ray,
or gamma irradiation, where the food molecules absorb the radiation energy. The amount
of irradiation in the form of energy absorbed by the food is measured in Gray where 1 Gray
= 1 Joule / Kg.
The World Health Organization and Food and Agriculture Organization have endorsed
irradiation since it enhances food safety by eliminating harmful micro-organisms (BarkaiGolan and Follett, 2017). Due to its benefits in inhibiting maturation and insect infestation,
the FDA has approved ionizing radiation as a food additive for the processing of fresh
produce upto levels of 1 kGy (FDA, 2019).
Irradiation is effective due to its ability to inactivate microbial populations present on the
surface of the fruit as well as in the core of the fruit (Kilonzo Nthenge, 2012). This is a
particularly significant advantage and can help reduce pathogens which have been
internalized in the fruit.
Irradiation generally has no negative impacts on the organoleptic properties of fresh
produce at doses upto 1000 Gy (Jeong and Kang, 2017) making it nearly impossible to tell
if fruit has been irradiated.
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In a study conducted by Fan and others (2005), apple slices treated with 7 % calcium
carbonate for anti-browning and irradiated at a dose of 1000 Gy had firmness of 1.80 ±
0.31 kg at 1 week storage which is similar to the non-irradiated apple slices firmness value
of 1.85 ± 0.35 kg at 3 week storage. In addition to firmness, the titratable acidity, pH and
ascorbic acid of sliced apples irradiated at doses 500 Gy and 1000 Gy had no significant
difference in comparison to that of non-irradiated apples (Fan et al., 2005).
Irradiation at doses higher than 800 Gy has an effect on the firmness of apples however
this is dependent on the storage period after irradiation, since the longer storage time is
directly proportional to the reduced firmness in apples due to pectin breakdown. However,
there is no loss in sucrose, fructose and glucose content in addition to no loss in the color
attributes of apples irradiated at 1000 Gy in comparison with controls (Jung et al., 2016).
Mostafavi and others (2012) found that at gamma irradiation doses of 900 - 1200 Gy there
were significant losses in apple moisture content over storage period of 6 and 9 months.
However, 3 month storage of 900 - 1200 Gy irradiated apples had no significant effect on
moisture content hence suggesting the 3 months of storage should not affect quality.
Among other fruit quality parameters tested, the total soluble solids which are indicative
of the sugar content, increased with a decrease in moisture content of the apples irradiated
at 900 and 1200 Gy with a TSS value of 16.28 and 19.12 % respectively after a 9-month
storage period. An increase in phenolic and subsequently anti-oxidant content of the apples
irradiated at 300 and 600 Gy was observed after a storage period of 6 months. This indicates
that the anti-oxidant power of apples is not harmed but is potentially enhanced by
irradiation.

2.7 Regulations associated with fresh juice processing
After the multi-state Odwalla apple juice outbreak of 1996 which affected 64 persons
with more than a dozen developing hemolytic uremic syndrome (HUS) and 1 fatality
(Marler, 2013), the FDA implemented a new juice labelling regulation starting in 1998.
This was followed by the 5 log reduction performance standard effective from 2004. As
per the Juice HACCP guidelines, fresh packaged juice is required to undergo pathogen
reduction treatment resulting in a 5-log reduction i.e. 105 of the pertinent pathogen
associated with the juice; pertinent pathogen being the most resistant microorganism. If
11

the juice is untreated with such a microbial reduction treatment, a warning label statement
on the juice container must state that the product has been not been pasteurized and hence
can contain bacteria which can cause serious illness in consumers (FDA, 2018).
Retail juice processors are those which store, prepare and serve freshly squeezed juice
directly to the consumers and hence are not subject to FDA juice HACCP regulation (FDA,
2018). Since juice bars and other retail juiceries serve fresh juice to consumers by the glass,
they do not fall under the FDA 5-log reduction regulation and hence they are not required
to treat the fruit or the juice with a processing method to inactivate the pertinent pathogen.
The current FDA regulation for irradiation of produce allows treatment of apples with
doses upto 1000 Gy to inhibit maturation and prevent arthropod pests, but not microbial
reduction (FDA, 2019). However, these doses can potentially reduce the risk of microbial
contamination associated with apples used for freshly pressed juice.

12

2.8 Rationale and Significance
Objectives:
1. To determine the reduction of E. coli O157:H7 on whole apples at the FDA limit of
1000 Gy.
2. To determine the survival of E. coli O157:H7 in juice from irradiated apples.
3. To determine the sensory quality of juice from irradiated apples.
Hypothesis: Irradiation at doses upto 1000 Gy will inactivate E. coli O157:H7 inoculated
on whole apples and can thus be used as a treatment method for processing whole apples
prior to juicing.
Justification: The current use of anti-microbials and sanitizers like chlorine and
peroxyacetic acid to wash the whole apples for juice production are ineffective in reducing
the microbial population of Escherichia coli O157:H7 by 5 logs. Irradiation is suitable for
the treatment of fresh produce given that it is a non-thermal treatment and its ability to
inactivate internalized pathogens. Till date, there has been no research conducted on the
irradiation of whole apples for juicing to inactivate Escherichia coli O157:H7.

13

3. Materials and methods
3.1. Preparation of inoculum: Outbreak strain FNW13b88 of enterohemorrhagic
Escherichia coli O157:H7 from the 1996 Odwalla unpasteurized apple juice outbreak was
obtained on two slants from the Food and Drug Administration Pacific Northwest Lab in
Bothell, WA and subcultured on Tryptic Soy Agar Yeast Extract (TSAYE). Following
incubation, the subculture was stored at 4°C until further use. For the preparation of the
inoculum, each strain was transferred using a loop into 4 mL of tryptic soy broth (TSB)
and incubated at 37°C for 18-24 hours in a shaking incubator. Inoculum was prepared by
centrifuging (accuSpin© 1R, Fisher Scientific, Waltham, MA) the overnight growth of E.
coli O157:H7 in TBS at 1160 x g for 15 min and resuspending the bacterial pellet in
Butterfield’s Phosphate Buffer. Final inoculum concentration was determined by plating
dilutions on TC-SMAC and incubating at 37°C for 24 h.
3.1.1. Preparation of apples and inoculation: 40 Gala apples (Malus domestica Gala)
without bruises and uniform skin were purchased from the local grocery store in Orange,
California and transported to Chapman University, Orange, California. The apples were
sanitized by dipping them in a 2000 ppm bleach solution for 1 minute followed by
immersion in tap water for a minute (Buchanan et al., 1999) and then air dried. Once dry,
each apple was punctured using the TA.XT. Plus Texture Analyzer (Model TA. XT Plus,
Stable Micro Systems, Inc., Surrey, UK) equipped with Exponent 6.1.10.1 software. A
3 mm cylinder probe was used to create eight evenly spaced 8 mm deep punctures on the
shoulder of the apple for a puncture volume of 57 µL. The punctured apples were allowed
to dry for 2 h to allow the juice in the punctures to dry. In a biosafety cabinet, 50 µL of the
inoculum (9.87 cfu/ml and 10.08 cfu/ml for Trial 1 and 2 respectively) was pipetted into
each puncture on the apple (400 µL of inoculum per apple) and allowed to dry for 18-24
hours.

3.2 Gamma irradiation of inoculated apples: The dried inoculated apples were double
wrapped in plastic wrap and packed in plastic boxes. The plastic boxes were placed in an
insulated cooler and transported to the Nuclear Science Laboratory, Department of
Chemistry at University of California, Irvine (14 miles from Chapman University). The
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apples were placed in a circular custom built 3 shelf sample holder with a hole in the center
to accommodate the Cesium source when it was lifted into position for treatment. The
apples were placed radially around the source, on their sides, so that the shoulder and stem
end of each apple faced the source at an equal distance (100 mm), to ensure that each
puncture received equivalent treatment. Previously, dose mapping had been conducted
with 12 alanine dosimeters (Farwest Technology, Inc., Goleta, CA) taped on the shoulder
of each of 12 apples placed at various locations on the custom fruit holder. The D
max/Dmin ratio was determined to be 1.16 and the dose rate was 0.84 kGy/h. The
uncertainty of the alanine dosimetry was estimated to be 7%. The apples were treated at
target doses of 200, 400, 600 and 800 Gy (seven apples per dose for each trial), and the
average absorbed doses were 234, 423, 615, and 819 Gy for Trial 1 and 188, 390, 606, 789
Gy for Trial 2. Non-irradiated apples used as controls were exposed to the same storage
and transport conditions as the irradiated apples. The apples were transported back to
Chapman University in the insulated cooler and stored at 4°C until analysis.

3.3 D value study: Four apples from each dose were analyzed 48 h following irradiation to
determine the irradiation D-value of the outbreak strain. The shoulder section of each apple
containing the punctures was cut (15 - 20g) using a sterile knife, placed in a stomacher bag
and diluted 10 fold (Dilumat, BioMérieux, Durham, NC) with Butterfield’s Phosphate
buffer (BPB), and stomached (Stomacher© 400 Circulator Lab Blender, Thomas Scientific)
for 1.5 min at 230 RPM. Serial dilutions were made using 9 mL of Butterfield’s phosphate
buffer solution and 0.1 mL of the appropriate dilutions were plated in duplicate on
Tellurite-Cefixime Sorbitol MacConkey (TC-SMAC) agar followed by incubation at 37°C
for 24 h for enumeration of survivors. A plot of survivors versus dose was created and the
D value was calculated as the negative inverse of the slope.
3.3.1 Storage study: The remaining apples were stored for three weeks at 4°C and the
survival of E. coli O157:H7 was determined using the same enumeration method as
detailed above.
3.3.2. Survival of E.coli O157:H7 in juice: Juice was extracted from the three-week stored
apples. Since this study used pathogenic E. coli O157:H7, we used a stomacher instead of
a juicer to simulate juicing. Stomaching required the addition of liquid, so water was added
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as the diluent. The pH of the apple juice produced with stomaching with water was 4.29
as compared to 3.85, the pH of the juice without added water. To enumerate the survivors,
ten-fold dilutions were made using BPB and plated as described previously.

3.4 Sensory Analysis: A discriminative tetrad test was performed with 55 untrained sensory
panelists (comprising students, staff and faculty of Chapman University) to determine
differences between apple juice produced from control and irradiated apples. For the
sensory test, a separate set of non-inoculated apples were irradiated at an absorbed dose of
652 Gy, juiced and stored at 4°C for 12 h prior to the sensory analysis. Panelists were
served duplicate samples of approximately 25 mL of control and irradiated apple juice in
sample cups with a cracker and glass of water to cleanse the palette in between samples.
RedJade© Sensory Software (RedJade Sensory Solutions, LLC 1091 Village Oaks Dr,
Martinez, CA 94553 USA) generated 4 blinding codes and the samples were presented to
the panelists in a random order to remove any bias. The panelists were asked to select
sample codes of two samples that they deemed were the same.

3.5 Statistical analysis: In the D value study, four apples were used as replicates for each
dose. In the storage study, three apples were used as replicates for each dose. Appropriate
dilutions were plated in duplicate. Countable plates, 25-250 colonies, were averaged with
counts expressed as log cfu/g. All computations for statistical analysis used the RStudio
software program (R Core Team, 2017). Analysis of the apples was performed after a 23day storage period followed by analysis of apple juice stored upto 72h. Throughout this
study , we used a level of significance of α=0.05.
Comparison of the mean of E.coli O157:H7 counts in log cfu/g across treatment
combinations of irradiation dose and storage days for apples and across treatment
combinations of irradiation dose as well as storage hours for apple juice were conducted
using two-way analysis of variance (ANOVA). If the results of ANOVA were found to be
statistically significant, a Tukey’s HSD test was conducted to determine which treatment
combinations were significantly different. Results were presented using mean bar plots
with error bars and treatments with the same letter on top of each bar are not statistically
different (p > 0.05).
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4. Results and Discussion

Recovery of E.coli O157:H7 from the surface of the fruit versus flesh:
The recovery of E.coli O157:H7 inoculated on the surface of the apple versus in
flesh punctures was compared (data not shown). The recovery from punctures was 1 log
greater than the recovery from the peel surface suggesting that E.coli O157:H7
preferentially attaches to apple flesh versus the peel. The extraction efficiency (cells
recovered/cells inoculated) in our study was 69 - 76% from the flesh versus 59 - 65% from
the peel. In contrast, Dingman (2000) obtained a 30% extraction efficiency for E.coli
O157:H7 from bruised apple tissue.
Burnett and Beuchat (2001) explained that the hydrophobic cuticle on the
epidermis of apples presented a barrier to the entry and attachment of microorganisms.
However, the presence of stomata, lenticels, broken trichomes and breaks in the skin can
facilitate the attachment of bacteria and their migration into the core of the fruit. In another
study conducted by Burnett and others, E. coli O157:H7 attached in the form of aggregates
mainly at wounds or bruises present in the apple cuticle as compared to the intact surface
of the apple cuticle (Burnett et al., 2000).
Fatemi and others (2016) researched the depth of penetration, survival and growth of
E.coli O157:H7 into apple punctures and wounds. They found that E.coli O157:H7
inoculated in fresh cut surfaces of Golden Delicious apples penetrated up to 2.8 mm within
24 hours and increased by 3 logs after 48 hours. The cells multiplied 4 - 8 hours after
inoculation increasing by 3 logs after 48 hours. The authors suggested that the ability of
the organism to penetrate into the flesh and calyx made commercial sanitizer solutions
ineffective on these internalized E.coli O157:H7 and a more efficacious pathogen reduction
treatment was needed.
Buchanan and others (1999) found that when refrigerated apples (2°C) were immersed
in solutions containing E.coli O157:H7 bacterial suspension and surface sanitized with
chlorinated water, there was only 1 - 2 log reduction of the bacteria. In the same study, the
authors researched the uptake of dye in the fruit, to simulate uptake of contaminated wash
water. Dye was taken up by wounds and punctures, indicating that pathogens can enter the
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flesh through bruises on the surface of the fruit. This finding supports Burnett and Beuchat’
s study and reiterates that damaged apples harbor greater numbers of E.coli O157:H7 and
can further contaminate the juice produced from these apples.
D-value determination: In this study, the average D-value of the outbreak strain
of E. coli O157:H7 was calculated as 337 Gy based on the D-values of Trial 1 (370 Gy)
and Trial 2 (303 Gy). The kinetics of inactivation were linear in both cases with R2 values
> 0.95 (Figure 1), indicating first order inactivation. No tailing was observed. The
resistance of bacteria to irradiation is a function of many factors and small differences
between the apples used in the two trials such as moisture content and pH, or environmental
differences such as temperature during processing and storage could be responsible for the
differences in the D values between the two trials.
The D-value is similar to that observed by Mahmoud and others (2016) for E. coli
O157:H7 on the surface of mangoes (3 log reduction at 1 kGy), Kong and others (2014)
who measured a D value of 370 Gy for E. coli O157:H7 on blueberries, and higher than
the 200 kGy observed by Moreira and others (2012) on the surface of cantaloupes. The Dvalues obtained in this study are also higher than D-values, 120 - 210 Gy, for three strains
of E.coli O157:H7 in apple juice (Buchanan et al., 1998). However, Buchanan and others
found that when the E.coli O157:H7 strains were acid adapted, by growing the strains in
TSB plus 1% glucose, the D values increased to 220 - 310 Gy.
Buchanan and others in 1998 also observed that D values increased as the solids
content of the juice increased as measured by absorbance at 550 nm. Turbid juices with
high soluble solids corresponded with D values between 330 - 350 Gy. Our D values of
300 - 370 Gy are similar to these values observed for juices with a high solids content.
Hong and others (2014) obtained a D value of 190 kGy for E.coli O157:H7 in store
bought clarified, pasteurized apple juice. They observed that starvation of the E. coli
O157:H7 cells prior to irradiation resulted in increased radiation resistance. Hong and
others grew E. coli O157:H7 cells till they reached the exponential phase or stationary
phase. These cells were then starved by storage in saline for a period of 10 days. The Dvalues for a mixture of four strains of E. coli O157:H7 cells in the stationary phase in apple
juice was found to be 190 Gy whereas starved cells had a D-value of 330 Gy.
The higher D value for E.coli O157:H7 in our study could also be due to the attachment
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of the E. coli O157:H7 cells to the flesh versus the surface. Niemira conducted a study
comparing the D values for E.coli O157:H7 on the surface versus internalized into the
tissues of various lettuces. The D-values of E.coli O157:H7 were found to be between 330
and 340 Gy for Boston and Red leaf lettuce homogenates, respectively. For cut lettuce
surfaces of Boston and Red leaf lettuce, D-values were 140 Gy and 120 Gy, respectively
(Niemira et al., 2002). The different D values between the lettuce leaf and the lettuce
homogenates suggest that the extent of internalization of the pathogen plays a significant
role in determining the efficacy of radiation.
The maximum dose of radiation permitted by the FDA for the treatment of fresh
produce is 1000 Gy. The average D-value from the two runs was 337 Gy for this outbreak
strain of E.coli O157:H7 indicating that a ≈ 3 log reduction of the bacterial population of
the strain can be obtained by irradiation at the maximum permissible limit of 1000 Gy.
This level of reduction of cells attached to flesh is higher than could be achieved by
washing the apples in sanitizer solutions which can only address cells on the surface of the
fruit and achieve a reduction of 1-2 logs (Buchanan et al., 1999).

Figure 1: Log reduction of the outbreak strain of E.coli O157:H7 determined using
TC-SMAC agar. Each data point represents the average of countable plates from four
apples.
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Apple storage study: As depicted in Figure 2.1, E.coli O157:H7 survived during the three
week storage but counts declined during storage. In the control apples, counts declined by
~1.8 logs in the first trial, and ~0.8 log in the second trial (p < 0.05). In the irradiated
apples, the decline in counts were similar during storage except at the higher doses, in
which the 819 Gy (Trial 1) and 789 Gy (Trial 2) apples at Day 23 showed no detectable
counts indicating a >2 log reduction.

A

B
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Figure 2.1: Survival of outbreak strain of E.coli O157:H7 in irradiated apples after storage
for a period of 0 and 3 weeks from Trial 1(A) and 2(B). Different letters on top of each bar
show significant differences (p < 0.05) between treatment dose and storage time. Each data
point represents the average of countable plates from three apples. **Bars in the graph
without error bars have only one data point. No bar present for Day 23 819 and 789 Gy
since no survivors were obtained.
Previous studies have also shown that E.coli O157:H7 can survive in damaged apple tissue.
The retention of E.coli O157:H7 in damaged apples, specifically tree picked and dropped
apples was studied by Dingman(2000). Tree picked apples and drop apples were bruised
by dropping the apple from a height of 1 m and the bruises inoculated with E.coli O157:H7
at concentrations of 104 - 105 cfu/mL. Within a week of storage at 4°C, E.coli O157:H7
counts inoculated into Red Delicious apples increased by 2 - 3 logs then remained constant
thereafter for the 25 - day storage period. In McIntosh apples, there was an initial decrease
in counts followed by an increase, but in this case freshly picked apples showed less
increase as compared to apples that had been stored for one month following harvest.
These results show that E. coli O157:H7 can survive in apple tissue for weeks following
inoculation, and that the type of apple can affect survival and growth, as can the storage
time following harvest.
Since our apples were bought from the store, we do not know their harvest date, but given
that the U.S. grown Gala apples used in our study were bought in November and December,
it is likely that they had been stored for 1-3 months following harvest (depending on the
location of harvest).
Foley and others (2004) observed that irradiation at 1.05 kGy reduced E.coli O157:H7 by
6.7 log in fresh cilantro, whereas a chlorine wash removed only 1.5 log cycles (Foley et
al., 2004). These results highlight the efficacy of irradiation and also demonstrate the lack
of sanitizer treatment efficacy in microbial reduction.
During storage over a period of 11 days, they also observed that E.coli O15:H7 counts did
not change indicating that E.coli O15:H7 can survive storage under refrigerated conditions.
In our study, a ≈ 3 log reduction can be obtained within the FDA limit of 1 kGy. However,
this reduction is substantial compared to having no microbial reduction treatment for apples
used for juicing. Also, if the contamination level of E.coli O15:H7 in apples is <3 log
CFU/g, it is possible that the 1 kGy treatment will be sufficient to eliminate the pathogen
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from the fruit.
Apple juice storage study: The survival of the outbreak strain of E.coli O15:H7 in apple
juice was determined at 0 h, 24 h and 72 h storage following the 3-week storage period
(Figure 3.1).

A

B
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Figure 3.1: Survival of outbreak strain of E.coli O15:H7 in juice stored upto 72h produced from
irradiated apples kept in refrigerated storage for 3 weeks from Trial 1(A) and Trial 2(B).
Different letters on top of each bar show significant differences (p < 0.05) between treatment
dose and storage time. **Bars in the graph without error bars have only one data point. No bars present
for some data points since no survivors were obtained.

In the second trial, the counts in the control juice remained constant, similar to the first trial but
after 24 and 72 h there were survivors in the juice of the apples irradiated at the low doses.
The survival of E.coli O15:H7 cells in irradiated commercial apple juice was studied by
Hong and others (2014), where a 3.74 log reduction was obtained after irradiation at 0.7 kGy.
This is similar to our juice study where ≈ 3 log reduction was observed for juice produced from
0.7 kGy as seen in Figure 3.1, with no detectable survivors seen after 72 h of storage. This
finding supports the premise that irradiation coupled with refrigerated storage can help achieve
a significant pathogen reduction.
Hong and others (2014) also emphasized that due to radiation injury, sub lethally injured
cells were able to grow on TSA, but were unable to form colonies on Sorbitol MacConkey Agar.
Sub lethally injured cells can grow only on non-selective growth media since they undergo
reversible damage of cell structures and functions (Schottroff et al., 2018). This could be the
reason that, no survivors were observed at higher doses in the stored apples and juice.
The greater reduction in counts in the juice versus in the whole apples suggests that the
E.coli O15:H7 cells within the punctures might have been protected from the free radicals
generated in the aqueous media of the apples. When the apples were juiced, oxygenation of the
juice may have increased the mortality of injured cells leading to the higher reduction of E.coli
O15:H7 in the juice. Increased free radical reactions in the juice is another possibility, however
it is unlikely that free radicals will have remained in the whole apples during the three-week
storage.

Sensory analysis: Out of 55 panelists, 33% could taste a difference between the control and
treated apple juice, indicating that consumers could tell a difference between the irradiated and
non-irradiated juice (p < 0.05). The comments indicated that many panelists found the apple
juice from the irradiated apples to be sweeter than juice from control apples. Control apples were
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perceived to be tarter.
Boynton and others (2006) found that cantaloupes irradiated at 1 kGy had a significantly higher
sweetness after storage at Day 11 and 20 than that of control cantaloupes. The authors suggested
that the difference in sweetness might be attributed to lower glucose, fructose and sucrose
consumption in the irradiated fruit as a result of lower respiration rates (Boynton et al., 2006).
Shahbaz and others (2014) analyzed the juice produced from pomegranates irradiated at 0.4
and 1.0 kGy. Although the total and reducing sugar content was the same for both doses, sensory
analysis showed that the panelists preferred juice from the 0.4 and 1 kGy irradiated pomegranates
when compared to the juice from control and 2 kGy irradiated pomegranates. The higher liking
was attributed to greater sweetness of the pomegranates treated at 0.4 and 1.0 kGy.

Conclusion
E. coli O157:H7 showed greater attachment to apple flesh as compared to intact apple cuticle
surface and survived for 3 weeks in untreated apples. Juicing resulted in a decrease in counts by
one log, but no further reduction was seen during storage of the juice for three days which
highlights the resilience of E. coli O15:H7 in this matrix. Irradiation of apples used for juicing
at the FDA limit of 1 kGy can achieve a 3-log reduction of E. coli O15:H7 and confer a
significant margin of safety. Juicing of the irradiated apples further decreased E. coli O15:H7
counts and survival was only observed in the juice made from control and 188 Gy treated apples
indicating that irradiation may have caused damage to the cells which inhibited their survival in
the juice.

Future Research
The study can be repeated using acid adapted E.coli O157:H7 strains which have higher
irradiation resistance and could lead to a higher D value determination. Also, the use of apples
contaminated at the calyx region will more effectively showcase the effect of irradiation on
internalized cells. Since the survival of E.coli O157:H7 in juice made from irradiated apples was
lower than the survival in the apple following storage, the chemistry of the juice matrix and its
impact on pathogen survival should be researched.
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